Thrombin is a potent vascular smooth muscle cell (VSMC) mitogen. Because recent evidence implicates reactive oxygen intermediates (ROI) in VSMC proliferation in general and atherogenesis in particular, we investigated whether ROI generation is necessary for thrombin-induced mitogenesis. Treatment of human aortic smooth muscle cells with thrombin increased DNA synthesis, an effect that was antagonized by diphenyleneiodonium but not by other inhibitors of cellular oxidase systems. This effect of thrombin was accompanied by increased O 2 . and H 2 O 2 generation and NADH/ NADPH consumption. ROI generation in response to thrombin pretreatment could also be blocked by diphenyleneiodonium, suggesting that the NAD(P)H oxidase was necessary for ROI generation and thrombin-induced mitogenesis. Because of observed differences between the VSMC and neutrophil oxidase, we examined whether the cytosolic components of the phagocytic NAD(P)H oxidase were present in VSMC. p47 phox and Rac2 were present in VSMC. Furthermore, thrombin increased expression of p47 phox and Rac2 and stimulated their translocation to the cell membrane. We examined whether p47 phox might be similarly regulated in vivo in a rat aorta balloon injury model and found that p47 phox protein was increased after injury. Immunocytochemistry localized expression of p47 phox to the neointima and media of injured arteries. Our data demonstrate that generation of O 2 . and H 2 O 2 is required for thrombin-mediated mitogenesis in VSMC and that p47 phox is regulated by thrombin in vitro and is associated with vascular lesion formation in vivo.
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Reactive oxygen intermediates (ROI) 1 have well defined physiologic roles (e.g. generation of the neutrophil oxidative burst) and are postulated to contribute to pathologic conditions such as neoplastic and vascular disease (1) . Physiologic concentrations of ROI (O 2 . and H 2 O 2 ) can elicit growth responses in numerous mammalian cell types (2) . It is now recognized that ROI induce activation of growth-related intracellular signaling pathways in a manner similar to that of endogenous growth factors, indicating that ROI may lie downstream of some growth factors in the course of intracellular signaling (3) . Atherosclerosis is the leading cause of death in the developed world. Cell types known to be involved in atherogenesis, such as endothelial cells, macrophages, and vascular smooth muscle cells (VSMC), are sources of ROI production (4 -6) . Migration and proliferation of VSMC are contributory events in vascular lesions associated with atherosclerosis and restenosis after vascular injury (7) , and ROI can elicit specific growth and kinetic responses in VSMC (8, 9) . In turn, growth factors and cytokines known to play a role in atherogenesis, among them platelet-derived growth factor (PDGF) (9) , transforming growth factor-␤ (10), insulin (11) , and tumor necrosis factor ␣ (12), lead to intracellular ROI production. The mechanism(s) by which these factors cause ROI accumulation is poorly understood, but it is thought to involve regulation and/or activation of specific cellular oxidases.
In phagocytic cells, the major source of ROI is the NADPH oxidase, which generates O 2 . by NADPH-derived one-electron reduction of molecular oxygen. Dismutation of O 2 . results in the formation of H 2 O 2 . O 2 . generation is catalyzed by a membranebound heterodimeric flavocytochrome (cytochrome b 558 ), which is composed of a 91-kDa glycoprotein (gp91 phox ) and a 22-kDa protein (p22 phox ) (13) . Electron transfer from NADPH to oxygen requires interaction of the cytochrome with two cytosolic proteins, p47
phox and p67 phox , as well as with one of the small GTPases, Rac1 or Rac2 (14, 15) . Upon activation, the cytosolic components translocate to the plasma membrane, and the functional NADPH oxidase is assembled (16) .
It is not clear whether the NAD(P)H oxidase of nonphagocytic cells shares the same structural properties as the NADPHdependent oxidase of neutrophils. Recent evidence suggests that components of the NADPH oxidase are present in vascular endothelial and smooth muscle cells and are activated by growth factors (5, 6) . In particular, p22
phox is expressed in VSMC and is necessary for angiotensin II-mediated O 2 . generation and hypertrophy in this cell type (17, 18) . However, apparent differences exist between the neutrophil and VSMC oxidase. gp91 phox has not been detected in cultured rat smooth muscle cells, and the identities of other components of the complex are uncertain; in addition, the VSMC oxidase utilizes NADH in preference to NADPH, whereas the converse is true for the neutrophil oxidase (5, 17) . Despite these important differences, the components of the growth factor-activated oxidase in VSMC and the mechanisms by which they are regulated are not well understood.
To characterize the nature of ROI generation associated with proliferation of VSMC, we have studied the ability of VSMC mitogens to generate ROI in these cell types and have characterized the presence and regulation of the cytosolic NAD(P)H oxidase component p47 phox in response to atherogenic stimuli in vitro and in vivo. Initial experiments comparing ROI generation in response to various VSMC mitogens indicated that thrombin, a potent mitogen that is thought to participate in atherogenesis (19) , elicited ROI production at higher and more sustained levels than did classic VSMC mitogens such as PDGF. Because thrombin has been shown to evoke sustained VSMC proliferation, we hypothesized that a relationship existed between the prolonged ROI generation elicited by thrombin and its effects on VSMC growth. In this report, we demonstrate 1) that ROI are generated in VSMC in response to thrombin stimulation and are necessary for thrombin-induced mitogenesis; 2) that p47
phox , a component of the neutrophil NADPH oxidase, is present in VSMC and is regulated by thrombin; and 3) that p47 phox protein expression is up-regulated in vivo in association with lesion formation in a rat aorta balloon injury model. These data support a model wherein induction of p47 phox by thrombin augments VSMC NAD(P)H oxidase activity, which, in turn, may participate in thrombininduced mitogenesis and, hence, in atherogenesis.
MATERIALS AND METHODS
Cell Culture-Human aortic smooth muscle cells (HASMC) were obtained from Clonetics and were cultured as described previously (20) . Cells were used at passages 5-9. Prior to performing experiments, cells were growth-arrested at 80% confluence for 48 h with medium containing 0.1% fetal bovine serum.
Cellular Release of H 2 O 2 -Cellular release of H 2 O 2 was measured colorimetrically by determining the extent of horseradish peroxidasecatalyzed oxidation of phenol red by H 2 O 2 . This reaction generates a compound with increased absorbance at 610 nm (21) . Medium from growth-arrested HASMC in 24-well plates was aspirated and replaced by 0.5 ml of prewarmed assay buffer (140 mM NaCl, 10 mM potassium phosphate, pH 7.0, 5.5 mM dextrose, 0.1 g/liter phenol red, 8.5 units/ml horseradish peroxidase). After growth factor treatment, the assay buffer was removed and centrifuged for 5 min at 200 ϫ g. NaOH was added to the supernatant to a final concentration of 0.01 N. The specific absorbance at 610 nm was measured in a spectrophotometer. A standard curve was generated as described previously (21) , and specific absorbance was converted to H 2 O 2 concentration (m). Cells in each well were counted using a Coulter Counter, and H 2 O 2 release was normalized to cells per well for each experiment. In some experiments, the cells were pretreated with diphenyleneiodonium chloride (DPI; 10 M) for 1 h prior to growth factor stimulation. The changes in absorbance in this assay that were inhibitable by pretreatment with catalase (100 units/ml) reflected H 2 O 2 release.
. in the media of HASMC was performed by detection of ferricytochrome c reduction essentially as described (22) . Medium from growth-arrested HASMC grown in sixwell plates (2 ϫ 10 6 cells/well) was aspirated and replaced with 1 ml of Hanks' balanced salt solution containing 80 M acetylated cytochrome c (Sigma) with or without thrombin or inhibitors as described. In some experiments, the cells were pretreated with DPI (10 M) for 1 h prior to growth factor stimulation. After growth factor treatment, the assay buffer was removed and centrifuged for 2 min at 13,000 rpm to stop the reaction. The optical density was measured by spectrophotometry at 550 nm and converted to nmol of cytochrome c reduced using the extinction coefficient ⌬E 550 ϭ 21.0 ϫ 10
. The reduction of cytochrome c that was inhibitable by pretreatment with superoxide dismutase (10 units/ml) reflected O 2 . release. generation. NBT was added to medium of growth-arrested HASMC to a final concentration of 1 mg/ml. After treatment, microscopic examination and photography verified the generation of insoluble formazan as dark purple granules. After removal of the medium, the cells were lysed and formazan was dissolved with 2 M KOH and 1.4 volumes of dimethyl sulfoxide. The absorbance was measured at 654 nm in a spectrophotometer. A standard curve was generated, and concentrations of NBT were calculated (23 Consumption of NADH/NADPH-Medium from HASMC grown in 24-well plates was replaced by phenol red-free Dulbecco's modified Eagle's medium containing 250 M NADH or 250 M NADPH prior to treatment with mitogens. The supernatant was removed after treatment for 1 h and was cleared by centrifugation for 5 min at 2000 ϫ g. Light absorbance was measured using a spectrophotometer at 340 nm. Decreases in light absorbance were converted to consumption of NADH or NADPH, using the absorption coefficient E ϭ 6.22/mM ϫ cm. NADH and NADPH consumption were corrected for the number of cells per well as measured by a Coulter Counter. Values were expressed as the mean Ϯ S.E. from six wells from two separate experiments.
[ 3 H]Thymidine Incorporation-HASMC grown to near confluence in six-well tissue culture plates were made quiescent and pretreated with vehicle, DPI (10 M), indomethacin (10 M), allopurinol (100 M), L-N ␥ -monomethylarginine (100 M), catalase (100 units/ml), or superoxide dismutase (10 units/ml) for 1 h before the addition of thrombin (2 units/ml) or vehicle. Cells were incubated for an additional 24 h and labeled with [methyl-3 H]thymidine (NEN Life Science Products) at 1 Ci/ml during the last 3 h of this time period. After labeling, the cells were washed with phosphate-buffered saline and fixed in cold 10% trichloroacetic acid and then washed with 95% ethanol. Incorporated [ 3 H]thymidine was extracted in 0.2 M NaOH and measured in a liquid scintillation counter as described previously (25) . Values were expressed as the mean Ϯ S.E. from six wells from two separate experiments.
Western Blot Analysis-After treatment of growth-arrested HASMC with the respective agents, cell lysates were prepared, and immunoblotting was performed as described previously (20) . Antibodies used were polyclonal anti-human p47 phox and p67 phox antibodies (Transduction Laboratories); polyclonal anti-human Rac2 antibodies (Santa Cruz Biotechnology, Inc., Santa Cruz, CA); monoclonal anti-human ␤-actin (Sigma); peroxidase-labeled goat anti-rabbit IgG or anti-mouse IgG (Roche Molecular Biochemicals). For immunoblot experiments, a human neutrophil cellular lysate and a PC12 lysate were used as positive controls for p47 phox and p67 phox expression, respectively. Membrane fractions from HASMC were separated as described (26) . Cells were lysed in a buffer containing 100 mM Tris-HCl, pH 7.4, and 2% Triton X-100, and the cytoskeleton was pelleted by centrifugation at 13,000 ϫ g for 5 min. The supernatant from this low speed centrifugation was centrifuged at 100,000 ϫ g for 2.5 h in a Ti-50 rotor. The supernatant from this centrifugation was considered the cytosol, and the insoluble pellet was considered the membrane fraction. Fractions from equivalent numbers of cells were resuspended in SDS sample buffer, and immunoblot analysis was performed.
Quantitative Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR) for p47
phox -HASMC were growth-arrested in 100-mm culture dishes and treated with or without thrombin. Total RNA was isolated by cesium chloride ultracentrifugation. RNA (2 g) was converted to cDNA with Moloney murine leukemia virus reverse transcriptase, and PCR amplification was performed with Taq polymerase (Stratagene, Inc.). For the PCR, a set of primers generated from the human neutrophil p47 phox sequence (27) was used to amplify a 305-base pair fragment of the p47 phox gene product (p47-1, 5Ј-GTACCCAGCCAGCACTATG-3Ј; and P47-2, 5Ј-GTCTGGTTGTCTGTGGGGAG-3Ј). This fragment contains sequences coding for amino acids 19 -133 of human neutrophil p47 phox protein, and these primer pairs were designed to avoid amplification of the Src homology 3 domains, which are present in many proteins. Simultaneous amplification was performed with primers specific to the human ␣-tubulin gene, generating a 200-base pair product, as an internal control. Based on preliminary experiments, a cycle num-ber of 21 was chosen for the PCR to ensure that amplification remained within the linear range. The PCR products were [ 32 P]dATP-labeled, separated on a 1% agarose gel, and visualized by autoradiography. Bands were quantified by gel densitometry.
Rat Aorta Balloon Injury Model-All animal studies were approved by the animal care and use committee of the University of Texas Medical Branch. Thirty male Sprague-Dawley rats (400 g, 3-4 months old) were used in the experiments. All procedures were carried out under general anesthesia induced by intraperitoneal injection of xylazine (2.2 mg/kg). Aortas were denuded completely with a 2F balloon catheter by retraction of the inflated balloon three times. Arteries were harvested 1 day, 1 week, and 3 weeks after injury for Western blot analysis and 1 day, 1 week, 2 weeks, and 6 weeks after injury for immunohistochemistry. Deendothelialized segments of arteries were identified by intravenous injection of Evans blue (0.3 ml of 5% solution in saline) 10 min before death. For immunohistochemistry, aorta sections were perfused and fixed for 6 h in 4% paraformaldehyde in phosphate-buffered saline. For immunoblotting, aortas were washed in cold phosphate-buffered saline, immersed in liquid nitrogen, and stored at Ϫ70°C. Tissue was homogenized on ice in lysis buffer with a pestle. Cell lysates were passed through a 22-gauge needle five times. Cell debris was removed by centrifugation at 14,000 ϫ g for 12 min. Immunoblotting was performed as described previously (20) .
Immunohistochemistry-Immunostaining for p47 phox was performed on 4% paraformaldehyde-fixed rat aorta sections according to previously described protocols (20) . Slides were incubated with 0.3% H 2 O 2 for 30 min and blocked with normal goat serum in phosphate-buffered saline containing 0.1% bovine serum albumin and 0.1% Tween 20 for 30 min. A 1:100 dilution of p47 phox antibody (or normal rabbit IgG as a control) was applied to the slides for 12 h at 4°C. After washing, slides were processed using the ABC Staining Kit (Vector, Inc.). p47 phox staining was visualized with peroxidase using diaminobenzidine as a chromogen to yield a brown reaction product. After counterstaining with hematoxylin, slides were dehydrated and permanently mounted. Three different specimens were analyzed at each time point, and representative specimens are shown.
Data Analysis-When appropriate, data are expressed as mean Ϯ S.E. For multiple treatment groups, a factorial analysis of variance followed by Fisher's least significant difference test was applied. Statistical significance was accepted at p Ͻ 0.05.
RESULTS

Thrombin-induced Mitogenesis Is Inhibitable by DPI-We
have examined thrombin-induced mitogenesis as a model system to understand the mechanisms of VSMC proliferation. To test the hypothesis that thrombin's mitogenic actions are mediated through ROI production, we first examined the effects of inhibitors of oxidase systems on thrombin-induced mitogenesis. We measured thymidine uptake by HASMC as a marker for DNA synthesis in response to thrombin stimulation. Consistent with previous reports (19) , thrombin (2 units/ml) induced a 5-fold increase in thymidine uptake after 24 h (Fig. 1 ). This mitogenic response was completely blocked by DPI (10 M), an inhibitor of flavoprotein-containing enzymes such as the NAD(P)H oxidase, but not by indomethacin (10 M), allopurinol (100 M), or L-N ␥ -monomethylarginine (100 M), which are inhibitors of cyclooxygenase, xanthine oxidase, and nitric-oxide synthase, respectively. DPI alone had negligible effects on DNA synthesis in the absence of thrombin. These initial experiments suggested to us that a system such as the NAD(P)H oxidase was necessary for thrombin-induced mitogenesis and provided a rationale for examining whether ROI are generated by HASMC in response to thrombin. . generation could also be blocked by DPI.
Photomicroscopy was employed to confirm the results of Fig.  2 and to visualize directly intracellular generation of oxidative species (Fig. 3) . Reduction of NBT to formazan was measured in these assays. NBT reduction was tested in untreated HASMC (Fig. 3A Similarly, the fluorogenic substrate DCFDA was used as a dye to demonstrate intracellular H 2 O 2 production (Fig. 2, E-H . production in human VSMC that is blocked by the flavoprotein inhibitor DPI. Thrombin Treatment Leads to NAD(P)H Oxidase-dependent ROI Generation-On the basis of our determination that ROI generation in thrombin-treated HASMC is inhibitable by DPI, we hypothesized that these ROI were being generated, at least in part, by increased activity of a VSMC NAD(P)H oxidase system. Since DPI may inhibit flavoprotein-containing enzymes other than NAD(P)H oxidases (29) , it was necessary to demonstrate directly that thrombin activated NAD(P)H oxidase activity and that NADH and/or NADPH was consumed contemporaneously with ROI generation. Using an established assay (10, 30), we measured the rate of NADH and NADPH consumption by HASMC to confirm the existence of a thrombin-inducible NAD(P)H oxidase in VSMC. As shown in Fig. 4 , thrombin treatment for 60 min resulted in 6-fold increased consumption of NADH compared with untreated cells (p Ͻ 0.05) and 7-fold increased consumption of NADPH (p Ͻ 0.05). Similar effects were observed after serum stimulation, which probably reflects the presence of thrombin and other growth factors in serum. Once again, the effects of thrombin on both NADH and NADPH consumption could be blocked by DPI (p Ͻ 0.05), which by itself had minimal activity on base-line NADH or NADPH consumption. These data demonstrate that NADH and NADPH consumption are temporally associated with ROI generation following thrombin treatment and provide additional evidence that an inducible NAD(P)H oxidase is responsible, at least in part, for this oxidative burst. phox and gp91 phox , and, p22 phox has been shown to be present and functional in VSMC (17) . The nature of the cytosolic components of the smooth muscle cell oxidase, and whether they are similar to the cytosolic components of the neutrophil NADPH oxidase, has not been determined. We probed for the presence of p47 phox and p67 phox mRNA by RT-PCR. Whereas we were able to amplify and sequence fragments of p47 phox , we were not able to amplify p67 phox with either of two primer pairs used (data not shown). To investigate whether p47 phox expression is regulated by thrombin in HASMC, we performed quantitative RT-PCR comparing p47 phox mRNA amplification with that of constitutively expressed ␣-tubulin as a control. p47 phox mRNA expression was up-regulated 5-fold, in comparison with ␣-tubulin expression, within 1 h of thrombin stimulation, an effect that was sustained for at least 8 h (Fig. 6A) . In addition, Western blot analysis using a polyclonal p47 phox antibody demonstrated a concomitant increase in p47 phox protein within 2 h of treatment with thrombin, in comparison with untreated HASMC (Fig.  6B) . In contrast, we could not detect p67 phox protein using a polyclonal p67 phox antibody in untreated or thrombin-treated HASMC (Fig. 6C) . While we cannot determine whether p67 phox is absent from HASMC under the conditions tested or is simply present at levels below the limits of detection in our assays, these experiments indicate that a p47 phox that is identical in sequence and immunoreactivity to that found in neutrophils is present in HASMC.
Thrombin-induced Mitogenesis in HASMC Is
Expression and Translocation of p47 phox and Rac2 Correlates with ROI Generation-Assembly and activation of the neutrophil oxidase requires phosphorylation of p47
phox and translocation of cytoplasmic oxidase components to the cell membrane (31) . In leukocytes, activation of p47 phox occurs in response to G protein-coupled receptors and is mediated through p21-activated kinases (32) . If p47 phox is indeed a component of the smooth muscle cell NAD(P)H oxidase, then its expression and translocation to the membrane fraction should correlate with the kinetics of ROI production. Increased p47 phox expression in cellular lysates from HASMC is evident within 15 min after thrombin stimulation (2 units/ml) and remains increased for at least 6 h (Fig. 7A) . Similarly, membrane-associated p47 phox also increases over a similar time course following thrombin treatment (Fig. 7B) . Interestingly, in HASMC membrane fractions, the p47 phox antibody recognizes two bands, the larger and more prominent of which migrates at a slightly larger size than does the single band seen in cellular lysates. We suspect that this represents the phosphorylated form of p47 phox , since we have observed that phosphorylation of p47 phox following thrombin treatment follows a time course similar to that for membrane localization (data not shown).
Small GTP-binding proteins, and in particular Rac2, are required for assembly and activation of the NADPH oxidase in neutrophils (33) . We examined whether Rac2 is present in HASMC and regulated by thrombin, since this may indicate that Rac2 participates in VSMC NAD(P)H oxidase activity and may be a regulatory element in cellular ROI production. Immunoblot analysis demonstrated that Rac2 protein expression is induced by thrombin in a biphasic fashion (Fig. 7A ), peaking at 1 h and again at 6 h after treatment. We observed translocation of Rac2 to the membrane fraction of HASMC after thrombin stimulation, an effect that was also biphasic but with an earlier peak that probably represents movement of presynthesized cytoplasmic Rac2 to the membrane after thrombin treatment (Fig. 7B) . Accumulation of H 2 O 2 occurred shortly after translocation of p47 phox and Rac2 to the membrane fraction and was increased for at least 6 h after thrombin stimulation (Fig. 7C) . The close correlation among expression, activation, and membrane localization of p47 phox and Rac2 is consistent with the hypothesis that ROI generation following thrombin treatment is dependent on an NAD(P)H oxidase that contains these proteins as essential components.
Regulation of p47 phox in Balloon-injured Aortas-Our exploration of the role of thrombin-induced ROI generation in general and NAD(P)H oxidase activity in particular has been predicated on the hypothesis that oxidative stress mediates many of the changes that lead to vascular lesion formation in vivo (34) . Previously, it was reported that p22 phox , a membrane-bound component of the phagocytic NAD(P)H oxidase, is present in vascular tissue (18) , and evidence for an active NAD(P)H oxidase in rabbit aortas (35, 36) and calf coronary arteries (37) has been demonstrated. Our in vitro data suggest that induction of p47 phox might contribute to ROI generation by activating the NAD(P)H oxidase in association with vascular lesion formation in vivo. Since the catheter injury model of neointimal formation is associated with ROI generation and develops largely as a consequence of smooth muscle cell proliferation (38, 39) , we examined the expression of p47 phox in response to catheter injury of rat aortas. Morphologic analysis demonstrated formation of a neointima within 1 week after injury that increases in mass for at least 6 weeks (Fig. 8, A-E) . Constitutive p47 phox expression was detected in the adventitia of uninjured rat arteries (A), consistent with the previous description of p47 phox in rabbit aortic adventitia (35) , as well as in luminal endothelial cells, whereas lower levels were detectable in medial VSMC of uninjured arteries. In contrast, 1 week after injury, increased expression of p47 phox was detected by immunohistochemistry in neointimal VSMC as well as in a population of cells within the media (C), and this expression persisted at 2 FIG. 5 . VSMC proliferation in response to thrombin is inhibited by catalase. HASMC made quiescent by serum deprivation for 48 h were pretreated with DPI (10 M), catalase (100 units/ml), or superoxide dismutase (SOD) (10 units/ml) for 1 h and then stimulated with vehicle or thrombin (2 units/ml) for 24 h. phox mRNA by thrombin, HASMC were treated with thrombin (2 units/ml) for the indicated times. Total RNA was subjected to RT-PCR. A primer set designed to amplify a 305-base pair fragment of the human neutrophil p47 phox cDNA sequence was used. As an internal control, a 200-base pair fragment of human ␣-tubulin was co-amplified. B, to assess regulation of p47 phox protein by thrombin, total cell lysates (20 g) from thrombin-treated HASMC were analyzed by immunoblotting, using a polyclonal p47 phox antibody. A human neutrophil cell lysate (5 g) was used as a positive control. C, immunoblotting was performed as described above using a polyclonal p67 phox antibody. A PC12 cell lysate known to contain immunoreactive p67 phox protein served as a positive control for immunoblotting.
FIG. 7. p47
phox and Rac2 expression correlate with ROI generation. A, HASMC were treated with thrombin (2 units/ml) for the indicated times, and total cell lysates (20 g) were analyzed by immunoblotting using p47 phox or Rac2 antibodies. B, membrane fractions (3 ϫ 10 6 cell equivalents/lane) from thrombin-treated HASMC were immunoblotted using p47 phox or Rac2 antibodies. C, the time dependence of H 2 O 2 release into the medium of HASMC after thrombin stimulation was measured by horseradish peroxidase-catalyzed oxidization of phenol red. *, p Ͻ 0.05, compared with control.
and 6 weeks after injury (D-E). To quantify p47
phox protein levels in response to vascular injury, total cell lysates from balloon-injured aortas were immunoblotted for the presence of p47 phox . Compared with levels observed in uninjured arteries, p47 phox protein expression was increased in the injured aortas 1 day after injury and peaked after 1 week (Fig. 9 ). Levels remained elevated by 2-fold after 3 weeks. DISCUSSION Oxidative stress has been implicated in the pathophysiology of diseases with significant vascular components, such as atherosclerosis (40) , diabetes mellitus (41) , and hypertension (42) . One mechanism whereby ROI might contribute to these processes is through induction of VSMC proliferation. ROI have direct mitogenic effects on vascular cells (8) and are necessary signaling intermediates for the potent VSMC mitogen PDGF (9) . In the present study, we have examined the role of ROI in thrombin-mediated VSMC proliferation, given the putative involvement of thrombin in vascular lesion formation (43, 44 ), and we demonstrate that generation of both H 2 O 2 and O 2 .
occurs rapidly after thrombin stimulation. Whereas traditionally it was thought that generation of ROI was restricted to phagocytic cells, it is now known that other cell types are capable of generating ROI (45) . Among these cell types are fibroblasts, chondrocytes, endothelial cells, smooth muscle cells, and various tumor cell lines (12, 46 -49) . Different enzymes, including lipoxygenases, xanthine oxidase, and NAD(P)H oxidase, have been implicated in ROI generation in nonphagocytic cells. Our data support the necessity of an NAD(P)H oxidase in thrombin-induced ROI generation, based on inhibition of ROI generation and mitogenesis by DPI (but not inhibitors of other oxidase systems), consumption of both NADH and NADPH in response to thrombin stimulation of VSMC, and activation of an essential NAD(P)H oxidase component, p47
phox , in vitro and in vivo; in addition, we show for the first time a necessary role for ROI in general and for the VSMC NAD(P)H oxidase in particular in thrombin-induced mitogenesis. Based on previous observations that ROI mediate PDGF-induced mitogenesis in VSMC (9) , ROI generation by thrombin may represent a general mechanism whereby proliferative signals are transmitted in this cell type. Since PDGF signaling initiates with a receptor tyrosine kinase, whereas the thrombin receptor is a G protein-coupled receptor, generation of ROI as signaling intermediates may represent an additional mechanism for cross-talk and convergence between these two receptor types (50).
FIG. 8. p47
phox is expressed in balloon-injured arteries. Sections from balloon-injured rat aortas were probed with a specific anti-p47 phox antibody. Panels demonstrate p47 phox expression in an uninjured artery (A) and in injured arteries after 1 day (B), 1 week (C), 2 weeks (D), and 6 weeks (E). As a control, an artery 6 weeks after injury was incubated with a normal rabbit IgG antibody (F). Staining was performed using the peroxidase/diaminobenzidine system to produce a brown reaction product. Slides were counterstained with hematoxylin. Brackets identify the neointima.
FIG. 9. p47
phox protein is up-regulated in balloon-injured arteries. Total cell lysates (20 g) from balloon-injured rat aortas harvested at the indicated times after injury were analyzed by immunoblotting using a polyclonal p47 phox antibody. Densitometry of specific signal was performed, normalized to expression of ␤-actin, and presented at arbitrary densitometry units. . production (10) , this possibility will need to be tested.
Of interest, our experiments demonstrate preferential utilization of NADH rather than NADPH by the human smooth muscle cell oxidase; this is similar to results previously reported for the rat smooth muscle cell oxidase but unlike the phagocytic NAD(P)H oxidase (5), indicating that the VSMC oxidase is likely to differ from the phagocytic oxidase in important ways. Among membrane-bound components, p22
phox has been identified previously in VSMC and is necessary for angiotensin II-induced ROI generation and cellular hypertrophy in this cell type (17) . In the course of determining the cytosolic components of the VSMC NAD(P)H oxidase, we have detected p47
phox mRNA and protein expression in HASMC; the fact that membrane localization of this protein, which is necessary for incorporation of p47 phox into the active oxidase complex (13), coincides with thrombin-induced ROI generation strongly suggests that p47 phox is a bona fide component of the VSMC NAD(P)H oxidase. In contrast, we have failed to detect either p67 phox message or protein in VSMC. It is possible that p67 phox is present at levels below the limits of detection by our assays; an alternative explanation is that proteins other than p67 phox participate in the VSMC NAD(P)H oxidase and that the differences in such oxidase components explain the biochemical variance in NAD(P)H oxidase activity between VSMC and phagocytic cells. Such differences between the phagocytic and VSMC NAD(P)H oxidase could be significant in that they may allow inhibition of the VSMC NAD(P)H oxidase, which should have beneficial consequences in the setting of vascular disease, without interfering with the phagocytic oxidase and its essential immunological function. For this reason, identification of VSMC-restricted NAD(P)H oxidase components may be of value in devising therapies for atherosclerosis and other vascular diseases. We have shown by immunoblot analysis that p47 phox and Rac2 are present in HASMC and that both translocate to the membrane fraction in response to thrombin stimulation. Although temporal correlation of these processes with ROI generation is suggestive that they do indeed participate in the VSMC NAD(P)H oxidase, their role in the assembly of this oxidase remains to be proven. Likewise, we have little knowledge regarding other components of this oxidase and the stoichiometry of these components. Based on the differences in substrate utilization in comparison with the neutrophil oxidase, we anticipate that important structural differences in the VSMC oxidase will exist. p47 phox is a well characterized component of the neutrophil NADPH oxidase, yet its precise role in oxidase activity is unclear. p47
phox is necessary for optimal ROI generation, since p47
phox deficiency results in autosomal chronic granulomatous disease in humans (51), a disease characterized by impaired NAD(P)H oxidase activity and neutrophil function. Recombinant p47 phox can restore NAD(P)H oxidase activity in cellular lysates from these patients (52) , demonstrating that p47 phox is necessary for efficient oxidase function. Interestingly, when the NAD(P)H oxidase is reconstituted in vitro, p47 phox is not absolutely required for O 2 . production when p67 phox and Rac protein concentrations are in excess (53) , yet maximal activity of the oxidase requires the presence of p47 phox (54) . These results suggest that p47 phox is not directly involved in electron transport and is more likely responsible either for enhancing the assembly or stabilizing the interaction of other oxidase components. These in vitro observations, if they are consistent with the behavior of the NAD(P)H oxidase in vivo, may be particularly relevant to the role ROI play in VSMC biology. A low level of ROI production appears to be necessary for VSMC viability, since antioxidants potently induce apoptosis in this cell type (55) . Rapid relocation of p47 phox to the cell membrane (as we have shown in cell culture) and sustained increases in p47 phox protein expression (seen both in cell culture and in vivo after rat aortic balloon injury) may explain, at least in part, both the rapid and sustained generation of ROI above constitutive levels in response to mitogens like thrombin. Such a model would seem to be necessary to account for the long term changes in VSMC growth characteristics seen in atherosclerosis and restenosis after balloon angioplasty in humans if, as hypothesized, ROI participate in lesion formation (56) .
In addition to p47 phox and p67 phox , the cytoplasmic component of the phagocytic NADPH oxidase also consists of the small GTPase, Rac (Rac1 or -2). Either Rac1 or Rac2 can increase ROI production when overexpressed in cell culture (57, 58) , and Rac proteins are required for NAD(P)H oxidase activity in cell-free systems (53, 54) . Whereas the isoforms of Rac share 92% homology, Rac2 appears to be the principal GTPase interacting with components of the NAD(P)H oxidase, at least in some systems (32, 33, 59, 60) . In our studies, thrombin increases the expression of Rac2 protein in VSMC. Correlation between thrombin treatment and Rac2 expression provides additional support for involvement of a VSMC NAD(P)H oxidase in ROI generation. Whereas further studies will be needed to address the relative expression and activity of Rac2 in comparison with Rac1 in VSMC, the present experiments demonstrate that Rac GTPases in general are inducibly expressed by thrombin, in concert with p47 phox , and thus are available to participate in the assembly of the cytoplasmic component of the VSMC NAD(P)H oxidase.
In addition to being activated by growth factors such as PDGF and angiotensin II, the NAD(P)H oxidase can be activated by receptor-independent stimuli such as arachidonic acid (61), phosphatidic acid (62) , and activators of protein kinase C (63) . Most of the stimuli mentioned, including thrombin, have putative roles in the formation of vascular lesions in vivo. For this reason, investigation of the role of the NAD(P)H oxidase in vascular disease is a logical step in understanding the mechanisms of atherosclerosis. Our demonstration that p47 phox is present in VSMC and is up-regulated in a rat balloon injury model of vascular injury provides support for the hypothesis that the NAD(P)H oxidase may contribute to the oxidative injury and VSMC proliferation observed after vascular injury (20) . The relatively long lived up-regulation of components of the NAD(P)H oxidase in this model may help to explain how short term events such as vascular injury can lead to long term changes in arterial morphology and function. We therefore suggest that generation of ROI may result in sustained and superimposed mitogenic effects of growth factors, an effect that could be of significance in the pathophysiology of proliferative vascular diseases such as atherosclerosis, which progress over long periods of time.
